The influence of a GaAsSb capping layer on the structural properties of self-assembled InAs/ GaAs quantum dots ͑QDs͒ is studied on the atomic scale by cross-sectional scanning tunneling microscopy. QDs capped with GaAs 0.75 Sb 0.25 exhibit a full pyramidal shape and a height more than twice that of the typical GaAs-capped QDs, indicating that capping with GaAsSb suppresses dot decomposition. This behavior is most likely related to the reduced lattice mismatch between the dot and the capping layer. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2741608͔ A significant effort has been made in the last few years to extend the emission wavelength of InAs/ GaAs quantum dots ͑QDs͒ to the 1.55 m telecommunication band. Room temperature photoluminescence emission beyond 1.5 m has been achieved by a number of different approaches. [1] [2] [3] [4] [5] [6] [7] [8] Recently, GaAsSb capping layers have also been used to extend the emission wavelength 9,10 and room temperature photoluminescence at 1.6 m has recently been reported from GaAsSb-capped In͑Ga͒As/ GaAs QDs. 11, 12 The strong redshift observed when using GaAsSb instead of GaAs capping layers has been attributed to a type-II band alignment. 11, 12 However, the structural properties of these QDs have not been studied, despite the fact that they could be significantly different from those of GaAs-capped QDs. Because of the larger lattice constant of GaAsSb compared to GaAs, the strain induced in the dot during capping should be reduced, which would further redshift the emission wavelength. In addition, the modified strain difference could induce differences in dot size, shape, and composition, since dot decomposition during capping can be influenced by the local strain. In this work, we have used cross-sectional scanning tunneling microscopy ͑X-STM͒ to analyze, at the atomic scale, how capping with GaAsSb influences the structural properties of InAs/ GaAs QDs. The QD size, shape, and composition are determined and are compared to the case of GaAs capping.
A significant effort has been made in the last few years to extend the emission wavelength of InAs/ GaAs quantum dots ͑QDs͒ to the 1.55 m telecommunication band. Room temperature photoluminescence emission beyond 1.5 m has been achieved by a number of different approaches. [1] [2] [3] [4] [5] [6] [7] [8] Recently, GaAsSb capping layers have also been used to extend the emission wavelength 9, 10 and room temperature photoluminescence at 1.6 m has recently been reported from GaAsSb-capped In͑Ga͒As/ GaAs QDs. 11, 12 The strong redshift observed when using GaAsSb instead of GaAs capping layers has been attributed to a type-II band alignment. 11, 12 However, the structural properties of these QDs have not been studied, despite the fact that they could be significantly different from those of GaAs-capped QDs. Because of the larger lattice constant of GaAsSb compared to GaAs, the strain induced in the dot during capping should be reduced, which would further redshift the emission wavelength. In addition, the modified strain difference could induce differences in dot size, shape, and composition, since dot decomposition during capping can be influenced by the local strain. In this work, we have used cross-sectional scanning tunneling microscopy ͑X-STM͒ to analyze, at the atomic scale, how capping with GaAsSb influences the structural properties of InAs/ GaAs QDs. The QD size, shape, and composition are determined and are compared to the case of GaAs capping.
The samples were grown by solid source molecular beam epitaxy on n + Si doped ͑100͒ GaAs substrates. In the first sample ͑sample A͒, 2.7 ML of InAs were deposited at 500°C and 0.1 ML/ s on an intrinsic GaAs buffer layer. The QDs were capped with a nominal 6 nm thick GaAs 0.75 Sb 0.25 layer grown at 475°C. In the second sample ͑sample B͒, two QD layers were grown under the same conditions ͑2.7 ML of InAs deposited at 500°C and 0.1 ML/ s͒. The first layer was capped with GaAs, and the second with 6 nm GaAs 0.75 Sb 0.25 . The capping temperature was 500°C in both cases. A layer of uncapped QDs were also grown on the sample surface for atomic force microscopy measurements.
The X-STM measurements were performed at room temperature on the ͓1 1 0͔ surface plane of in situ cleaved samples under UHV ͑p Ͻ 4 ϫ 10 −11 Torr͒ conditions. Polycrystalline tungsten tips prepared by electrochemical etching were used. The images were obtained in constant current mode during which both topography and current images were recorded simultaneously. All the images shown in this letter were recorded for high voltage ͑ϳ3 V͒. Under these conditions the electronic contrast is strongly suppressed and the measurements reflect mainly the topographic contrast, which is due to the outward relaxation of the cleaved surface due to the compressive strain. 13 A number of individual QDs were analyzed in sample A in order to extract information concerning their size, shape, and composition. Figure 1 shows a high voltage filled states topography image of a QD from this sample. The measurement conditions image group V elements so that the bright spots represent Sb atoms in the As matrix. Sb segregation into the GaAs layer is clearly observed in this image. In contrast to the behavior when capping with GaAs at similar temperatures, 14 the capping layer completely covers the dot. This behavior cannot be attributed to a larger bond strength preventing Ga migration on the growth surface, since the Ga-Sb bond is weaker than that of Ga-As ͑45.9 and 50.1 kcal/ mol, respectively͒. The most likely explanation is the smaller strain that exists between the partially relaxed InAs QDs and the GaAsSb capping layer. This smaller strain can be accommodated by the system at the present growth temperature ͑475°C͒ without inducing the migration of capping material away from the top of the dot. The dot is a full pyramid with a diagonal base length of 32± 2 nm. The height is 9.5± 0.2 nm, much larger than that of typical GaAs-capped QDs ͑around 4 nm͒. [15] [16] [17] This result indicates that the QDs are not dissolved during capping with GaAsSb.
The Sb composition in the capping layer can be directly obtained by counting the individual Sb atoms in filled state images, for example, Fig. 2͑a͒ . The Sb concentration profile as a function of distance along the growth direction is plotted in Fig. 2͑b͒ . The average Sb content is 22%. This result can be checked by analyzing the outward relaxation of the cleaved surface. The relaxation of the capping layer was compared to calculations from continuum elasticity theory. A finite element calculation was performed to solve the threedimensional problem, in which an isotropic material is considered. The fit shown in Fig. 2͑c͒ was obtained for a 5 nm thick layer ͑as measured from the X-STM images͒ with a 25% Sb composition. The agreement between theory and experiment is quite good in the region of the layer itself, but deviates above the layer. This deviation is due to the effect of Sb segregation, which is not included in the model but is clearly present in the structure ͓see Fig. 2͑a͒ and the asymmetry in the Sb profile obtained from atom counting͔. The measured Sb composition of 22%-25% agrees well with the nominal growth value. The lattice mismatch between this GaAsSb composition and relaxed InAs is 0.048, about 28% smaller than when GaAs capping is used. We propose that the reason why dot decomposition during capping is suppressed is due to the reduced strain between the dot and the capping layer, although chemical effects due to the presence of Sb could also be relevant. This interpretation is in agreement with previously reported results in which QDs capped with InGaAs instead of GaAs are shown to retain their shape during the initial stages of capping. 18, 19 The composition of the QDs can also be estimated from an analysis of the outward relaxation. 13 The size and shape of the dots obtained from the images are used as input parameters for the model and the composition is changed until the calculated outward relaxation profile agrees with the experimentally determined one. We assume that the dot with the largest observed base length is cleaved through its middle and that the dots have a square base with edges along the ͗100͘ directions. The largest measured base length was 32 nm ͑see Fig. 1͒ which corresponds to sides of length 23 nm. Figure 3 shows the best fit to the outward relaxation profile through the middle of the dot, obtained when a trumpetlike shape QD In composition is included in the model. The fit deviates in the region above the dot, probably due to the fact that Sb segregation is not included in the calculation. The In content increases from 80% at the bottom to 100% at the top of the QD and from 40% in the corners to 80% at the center of the base ͑see inset of Fig. 3͒ . A similar nonuniform In composition has been previously proposed in Ref. 20 and deduced from X-STM measurements in Ref. 21 for GaAs capped InAs QDs, and is attributed to In-Ga intermixing. The presence of In-deficient corners in the present GaAsSbcapped QDs indicates that they are not necessarily created by a redistribution of material from the top of the dots to the bottom during capping, as has been recently reported. 22 In the present case, the top of the dot is not dissolved during capping but the In-poor corners are still present, hence they must originate during an earlier stage of the QD formation process.
In order to confirm the observed differences between QDs capped with GaAs and GaAsSb, sample B was studied. This sample contains QDs capped with both GaAs and GaAsSb, with both capping layers grown at the same temperature as the InAs dots. From an analysis of the measured outward surface relaxation, the Sb composition of the 
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GaAsSb layer was found to be 24%. However, the properties are different to those of sample A because the GaAsSb capping layer does not completely cover the dots, with their apex remaining uncovered ͓see Fig. 4͑a͔͒ . As the only difference between samples B and A is that the capping temperature was 25°C higher in sample B, it can be concluded that this increase in temperature is sufficient to allow the capping material to migrate from the relaxed apex of the dot, minimizing the strain. 14 This observation reveals that the final dot/GaAsSb capping layer configuration is very sensitive to the temperature during the capping process. Despite changes to the capping process, significant differences in the QD structure for GaAs and GaAsSb capping remain in sample B ͑Fig. 4͒. The GaAsSb-capped QDs ͓Fig. 4͑a͔͒ are again full pyramids, with a height of 8.3± 0.2 nm, while the GaAscapped QDs ͓Fig. 4͑b͔͒ are truncated pyramids, with a height of only 3.8± 0.2 nm. This result indicates that QDs capped with GaAs are significantly dissolved during capping, while the shape of QDs capped with GaAsSb ͑ϳ25% Sb͒ at the same temperature is preserved. This result is confirmed by atomic force microscopy measurements on uncapped surface QDs, which are found to have a height of 8 ± 1 nm, in good agreement with the height of the GaAsSb-capped QDs. The base length of the strongly dissolved GaAs-capped QDs is smaller than that of the preserved GaAsSb-capped dots ͑20 vs 26 nm, respectively͒, indicating that material redistribution during capping is not from the apex to the base of the dot, 22 but occurs instead to the wetting layer ͑WL͒. This is in agreement with the observation of a significantly higher In content in the WL of GaAs-capped QDs ͑1.8 ML vs 0.8 ML in GaAsSb-capped QDs͒, obtained by counting individual In atoms in X-STM empty states images.
The present results indicate that strain may be playing an important role in inducing dot decomposition during capping, and that decreasing the dot/capping layer lattice mismatch appears to strongly reduce dot decomposition. The increased height of GaAsSb-capped QDs, as revealed by the present work, is expected to contribute to their long wavelength emission, in addition to the contribution from the formation of a type-II system. 12 However, it is difficult to comment on the relative importance of these two contributions as the QD height dependence on GaAsSb composition is not known. This dependence will form the subject of future work.
In conclusion, X-STM has been used to study at the atomic scale the effect of a GaAsSb capping layer on the structural properties of self-assembled InAs QDs. QDs capped with a GaAsSb layer with ϳ25% Sb are much larger than typical GaAs-capped QDs. GaAsSb-capped QDs exhibit a full pyramidal shape of 8.3-9.5 nm height, while similar dots capped with GaAs are truncated pyramids with a height of only 3.8 nm. This finding indicates that dot decomposition during capping is suppressed by using GaAs 0.75 Sb 0.25 . This behavior is most likely related to the reduced dot/capping layer lattice mismatch, although chemical effects due to the presence of Sb could also be relevant. 
